Reflectance Pulse Oximetry - Principles and Obstetric Application in the Zurich System by König, Volker et al.
Journal of Clinical Monitoring and Computing 14: 403^412, 1998.
ß 1998 KluwerAcademic Publishers. Printed in the Netherlands.
REFLECTANCE PULSE OXIMETRY ^ PRINCIPLES AND
OBSTETRIC APPLICATION IN THE ZURICH SYSTEM
Volker Ko« nig, Renate Huch, and Albert Huch
From the Perinatal Physiology Research Department, Department
of Obstetrics, Zurich University Hospital, CH-8091 Zurich, Switzer-
land.
Received Nov 13, 1997, and in revised form Jun 23, 1998. Accepted
for publication Aug 4, 1998.
Address correspondence to Volker Ko« nig, Perinatal Physiology Re-
search Department, Department of Obstetrics, Zurich University
Hospital, CH-8091Zurich, Switzerland.
E-mail: vkg@fhk.usz.ch
Ko« nig V, Huch R, Huch A. Re£ectance pulse oximetry ^ principles
and obstetric application in the zurich system.
J Clin Monit 1998; 14: 403^412
ABSTRACT. Transmission and re£ectance are the two main
modes of pulse oximetry. In obstetrics, due to the absence of a
transilluminable fetal part for transmission oximetry, the only
feasible option is the re£ectance mode, in which sensor and
detector are located on the same surface of the body part.
However, none of the re£ectance pulse oximeters developed
for intrapartum use are fully satisfactory, as indicated by the
fact that none have entered routine use. We have designed,
developed, constructed and tested a re£ectance pulse oximeter
with the possibility to adjust the electronic circuits and signal
processing in order to determine the e¡ects of various param-
eters on signal amplitude and wave-form and to optimize the
sensitivity and spatial arrangement of the optical elements.
Following an explanation of the principles of re£ectance
pulse oximetry, we report our experience with the design,
development, construction and ¢eld-testing of an in-house
re£ectance pulse oximetry system for obstetric application.
KEY WORDS. Oxygen saturation, re£ectance pulse oximetry,
intrapartum fetal monitoring.
INTRODUCTION
Pulse oximetry is the combination of spectrophotome-
try and plethysmography. It permits rapid noninvasive
measurement of arterial oxygen saturation with the
added advantages of simple sensor application and direct
measurement, requiring neither calibration nor pre-
adjustment. Pulse oximeters are thus in widespread and
fast-increasing use, e.g. in intensive care, anesthetics and
neonatology [1]. All these applications employ ``trans-
mission'' pulse oximetry, so called because the light
used to determine blood oxygen saturation is ``trans-
mitted'' from a light emitter on one side of the body
part to a light receiver on the other side; suitable sites
are the ¢ngers in adults or hands and feet in neonates or
children, which are said to be ``transilluminated.''
In obstetrics, fetal oxygen status during labor is a
crucial parameter. However, no transilluminable fetal
part is available. The only option in this case is re£ec-
tance oximetry [2], using a sensor with its light emis-
sion and detection elements on the same surface of
the body part. Various types of such a re£ectance pulse
oximeter have been developed for intrapartum use at
various locations. However, for a wide variety of reasons,
all are still experimental and not in full routine use [3^7].
Basically a re£ectance measurement can be achieved
using planar sensors ^ which can be produced, for
example, by modifying conventional transmission sen-
sors ^ and a sensitive modern pulse oximeter. However,
such instruments come with a ``black-box'' microproces-
sor-controlled mode of operation making constructional
adjustments to the electronic circuits and signal process-
ing virtually impossible. As a result, it becomes di¤cult
to determine the e¡ect of various parameters on signal
amplitude and wave-form, optimize sensor sensitivity to
light intensity and the arrangement of the optical ele-
ments, and hence assess the dependence of arterial oxygen
saturation measurement on key physical, technical and
above all physiological variables. This was the aim
driving our decision to design, develop and construct
in-house a system dedicated to obstetric applications.
Following a brief review of the principles of pulse
oximetry, we report our experience with the develop-
ment of the new device, together with some ¢eld-
testing results.
PRINCIPLES OF PULSE OXIMETRY
Signal recording
Light is absorbed on passing through matter. The de-
gree of absorption depends on the nature of the trans-
illuminated material and the wavelength of the light
employed. All optical techniques for determining arte-
rial oxygen saturation use the marked di¡erence in the
absorption of red light between oxygenated and re-
duced hemoglobin.
The absorption of light passing through bone or
nonpulsatile tissue is constant over time. Oxygenated
and reduced hemoglobin in the arterial vascular bed, on
the other hand, cause changes in absorption timed by
the heart rate due to the pulsatile variation in artery
thickness. The total intensity of the light after passing
through tissue can be measured, for example, as the
photocurrent I(t) of a photodiode, and is obtained from
the Lambert-Beer absorption law as:
It  I0  expÿ"tissue  s  expÿSO2  "HbO
1ÿ SO2  "Hb  dt
1
where
I0 intensity of incident light
"tissue mean absorption coe¤cient of tissue (function of
wavelength)
s mean thickness of transilluminated tissue
SO2 oxygen saturation to be determined (= HbO/
(HbO + Hb), i.e. ratio of oxygenated hemoglo-
bin concentration to sum of oxygenated and
reduced hemoglobin concentrations)
"HbO absorption coe¤cient of oxygenated hemoglobin
(function of wavelength)
"Hb absorption coe¤cient of reduced hemoglobin
(function of wavelength)
d(t) time function of mean pulsatile change in artery
thickness, with amplitude d = d(diastole) ÿ
d(systole)
Measurement may be impaired by light transmitted
directly from the light source to the receiver or light
which does not pass through arterially perfused tissue.
If this ``direct light'' Idir is taken into account, Equation
(1) changes to:
It  Itissue  expÿSO2  "HbO
1ÿ SO2  "Hb  dt  Idir
1a
where
Itissue  I0  expÿ"tissue  s
Since the pulsatile component of the absorption is at
most a few percent, i.e. the exponent of the second e
function in Equation (1) is very small, we can use the
approximation:
expx  1 x for jxj  1
to obtain the very close approximation:
It 
Itissue  1ÿ SO2  "HbO  1ÿ SO2  "Hb  dt  Idir
1b
This light intensity is measured in the photodiodes and
can be broken down electronically into two compo-
nents, a time-independent signal
DC  Itissue  Idir 2
with amplitude equal to the value of this signal
dc  DC  Itissue  Idir 3
and a signal which varies in time with the pulsatile
change in artery thickness
AC  Itissue  SO2  "HbO  1ÿ SO2  "Hb  dt 4
with amplitude
ac  Idiastole ÿ Isystole 
Itissue  SO2  "HbO  1ÿ SO2  "Hb  d:
5
The ratio between the ac and dc amplitudes is then
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r  ac=dc  Itissue=Itissue  Idir
SO2  "HbO  1ÿ SO2  "Hb  d:
6
In the case that ``direct light'' Idir = 0, this ratio r is
independent of the incident light intensity I0 and of the
absorption in the nonpulsating tissue value Itissue:
r  ac=dc 
SO2  "HbO  1ÿ SO2  "Hb  d for Idir  0:
6a
This ratio r is then dependent only on the oxygen
saturation SO2 to be determined, the known absorption
coe¤cients "HbO and "Hb , and the mean pulsatile change
d in the thickness of the arterial vessels in the trans-
illuminated region.
To eliminate this dependence on d, the measurement
is performed at two wavelengths with maximally dif-
fering absorption coe¤cients. On the assumption that
the d values are the same for both wavelengths, we
obtain a variable
R  rred=rir  ac=dcred=ac=dcir 7
 SO2  "HbO  1ÿ SO2  "Hbred=
SO2  "HbO  1ÿ SO2  "Hbir
7a
from which the unknown SO2 is readily calculated
without knowing the incident light intensity or tissue
thicknesses.
Calculation assumes the following physical prerequi-
sites:
 No light must be measured that has not passed
through the pulsatile vascular bed e.g. light passing
directly from light source to receiver (Idir).
 The pulsatile changes in artery thickness must be the
same for both wavelengths, i.e. both wavelengths
must transilluminate the same tissue region.
 Valid measurement assumes that the pulsatile signal
originates only from varying absorption by arterial
oxygenated and reduced hemoglobin. The results are
falsi¢ed by other causes of pulsatile changes in optical
thickness, e.g. hemoglobin derivatives, circulating
pigments, pulsatile changes in thickness produced
mechanically in nonarterially perfused tissue by car-
diac action, and, above all, venous pulsation.
 To simplify description of the principle behind meas-
urement and its limitations, the Lambert-Beer law
was assumed valid for the passage of light through
tissue. However, as light is not only absorbed in tissue
but also scattered, the law is of limited applicability
[8]. The exact absorption coe¤cients must be cor-
rected by taking the scattering e¡ect into account.
However, despite various theoretical models [9, 10],
the scatter coe¤cients of the various tissue types are
not known with su¤cient accuracy to permit exact
calculation. Experimental calibration thus has to be
performed by directly comparing the pulse oximeter
readings with arterial blood sample values.
Transmission pulse oximetry
The optical elements are located on opposite sides of a
body part. The sensors are applied mainly to the ¢ngers
and toes. Ears and nose are used only rarely due to poor
perfusion. In neonates the sensor is applied around the
hand or foot. This arrangement largely ensures that the
optical paths are the same for both wavelengths. Never-
theless, incorrect sensor attachment can give spurious
results, e.g. if some of the transmitted light reaches the
receiving diodes around the outside of a ¢nger as ``direct
light.''
Signal magnitudes are an important determinant of
measurement accuracy: in normal ¢ngertips, the ratio
of the signal due to absorption in pulsating blood (ac)
to the signal due to absorption in total tissue (dc), r =
ac/dc, is 0.02^0.05.
Re£ectance pulse oximetry
In this method the light backscattered in the body is
used to determine oxygen saturation. The optical ele-
ments are thus located on the same plane on the same
body surface. Re£ection originates from nonhomo-
geneity in the optical path, i.e. at the interfaces between
materials with di¡erent refractive indices. This means
that on physiological grounds, strong re£ections can be
expected on the entry of light into bone. The trans-
illuminated tissue must also be well perfused to obtain
as strong a signal as possible. Not all body parts are as
well perfused as the ¢ngers or hands, but an ac/dc ratio
of 0.001^0.005 can be achieved on the forehead. Perfu-
sion is also good over the sternum. One method of
signal enhancement is to heat the measurement site to
induce hyperperfusion, which can safely be performed
up to 42 ³C. A rubefacient, e.g. nicotinic acid (Rubri-
ment), can also be applied to the measurement site.
The principal physical limitations are the following:
 The sensor design must eliminate ``direct light,'' i.e.
light passing directly from the light sources to the
photodiodes or that is only scattered in the outer part
of the skin.
 The measured AC signals are some 10 times weaker
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than in the transmission method. The conditions
governing the heating of the light-emitting diodes
(LED) limit the potential for producing stronger
signals by increasing the incident light intensity: not
only can high uncontrolled temperatures damage
tissue at the measurement site, but the wavelength
of the emitted light changes as the LEDs become
warmer. For this reason the photodiode area must be
as large as possible.
 As in the transmission mode, the principle of meas-
urement is the determination of absorption, except
that this now refers to incoming re£ected light. The
light path is less well de¢ned than in transmission
mode, and thus may di¡er between the two wave-
lengths. The e¡ective absorption coe¤cients of the
calibration inserted in the Lambert-Beer law must be
checked and if necessary corrected by comparison
with photometrically measured arterial blood values.
THE ZURICH REFLECTANCE PULSE OXIMETER
Sensors
In constructing planar re£ection sensors, i.e. sensors in
which the photoelectric emitting and receiving elements
lie next to each other in virtually the same plane, special
attention was paid to the following points (Figure 1).
 For maximal independence from local tissue di¡er-
ences, a radially-symmetric pattern was selected for
the photoelements. The light source ^ a chip with
two LEDs for the wavelengths red = 660 nm and
infrared = 920 nm ^ was placed in the center of the
sensor and surrounded by a radial photodiode array
for detecting the re£ected light. To obtain a good
signal at minimal light intensity, the area of the
photodiodes had to be as large as possible. After some
preliminary experiments, six BX33 photodiodes
(Siemens) were used with a mean radius of 17 mm.
Their connections are led outwards individually, so
that the sensor as a whole remains operational if a
wire breaks or an individual diode is lost. This arrange-
ment gives an external sensor diameter of 22 mm.
 A guard ring around the LEDs acts as a barrier to
``direct light.'' The sensor must also ¢t snugly to the
skin to minimize the risk of ambient light reaching
the photodiodes.
 Unlike with transmission sensors, ¢xation to the
measurement site can pose problems. Aluminum sen-
sor units are readily ¢xed with double-sided adhesive
ECG rings. However, these rigid sensor heads are
unsuited to the small radii of curvature of the fetal/
neonatal head. Experimentation led to the choice of a
vacuum system using sensors cast from silicone rub-
ber, with a suction groove for ¢xation, a guard ring
against direct light, and a connector for a suction
pump. The photoelectric components are identical in
both types of sensor.
 Some metal sensors were ¢tted with a resistance-wire
heating coil of maximal output 200 mW to induce
local hyperemia. The temperature was monitored by
a negative temperature coe¤cient (NTC) resistor in-
corporated in the sensor unit.
Numerous types of sensor meeting the above require-
ments were built. A sensor used for intrapartum meas-
urements ^ cast from silicone rubber with suction
channel and pump connection ^ is shown in cross-
section in Figure 1. It is attached to the fetal head with a
vacuum of approximately 100 mbar.
Electronics
Initially, we decided to separate signal processing in the
analog part before the analog/digital converter (ADC),
including signal ampli¢cation, ¢ltering, and separation
into DC and AC signals, all handled electronically ; the
post-ADC digital part was handled by software which
input the data, averaged and evaluated amplitudes, cal-
culated saturation and heart rate, and produced a some-
what complicated screen display. Now, using modern
techniques, we have a system in preparation in which a
fast separate microprocessor unit handles most signal
processing and digital ¢ltering tasks.
Figure 2 shows the block diagram of the current
apparatus with the following individual units:
 Time control of measurement
From a recti¢ed mains power supply signal (100 Hz),
a phase-locked loop (PLL) ^ connected as a frequency
multiplier ^ generates a square-wave signal of 64
kHz. Coupling to the line frequency eliminates data
acquisition faults due to interferences with the line
frequency. The 64 kHz from the PLL clock drives a
7-bit counter that addresses an EPROM giving a data
cycle of 1 kHz, 64 pulses long. The output pulses of
the EPROM control the entire sequence of light
emission, signal acquisition and signal processing.
 LED drive
The oppositely poled red and infrared LEDs are
located in the output circuit of a current-stabilized
push-pull output stage. They are triggered by digital
signals from the control unit via analog switches at
the 1 kHz sampling rate in the equally spaced se-
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Fig. 1. Cross-section through a silicone-rubber re£ection sensor for intrapartum measurement of oxygen saturation.
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quence: infrared-dark-red-dark (overall length: 1 ms).
Light intensity is determined by the amplitude of the
signal driving this output stage. Input signal intensity
can be selected in twoways:
^ Manually: The red and infrared LED intensities
can be manually adjusted independently using two
potentiometers (Helipot). This permits the use of
any desired light intensity within the limits stipu-
lated for test and research purposes.
^ Automatically: DC voltage as the input signal
controls the LEDs so that the DC voltages at the
computer input for both wavelengths are 2.0  0.5
V. Outside this range the control circuit changes
the LED currents to reset the DC voltages to 2.0 V.
This setting is used for normal clinical applications.
To prevent skin damage from overheating even in
the event of electronic component failure, maximal
LED intensity is limited by an electronic circuit.
 Input ampli¢er and sample-and-hold stages
Using operational ampli¢ers the photocurrent sup-
plied by the photodiodes is converted to a voltage
and then ampli¢ed. Six switch positions permit am-
pli¢cations of 50 mV/nA to 5 V/nA. Afterwards,
three sample-and-hold (S&H) stages ^ switched
by the corresponding signals from the control stage ^
resolve the signals into the three components infra-
red, red and dark. The dark currents are then sub-
tracted from the red and infrared signals in a subtrac-
tion stage which also eliminates small ambient light
components that may have reached the photodiodes.
 Filters
Using low-pass ¢lters the discrete-time signals at the
S&H output are reconverted to continuous-time sig-
nals and trimmed of high-frequency components
using eighth-order Bessel ¢lters with a cut-o¡
frequency of 7 Hz. The DC components are then
separated using a low-pass ¢lter with a cut-o¡ fre-
quency of 0.1 Hz. The AC components are passed to a
further Bessel high-pass 0.7 Hz ¢lter for separation of
slow motion artifacts, and then to a 40-fold ampli¢-
cation stage. The four signals DCir , DCred , ACir and
ACred are thus available at the output. As oxygen
saturation is calculated from the ratios (ac/dc)ir and
(ac/dc)red , it was essential to ensure by careful com-
ponent selection that the ampli¢cations for the am-
pli¢cation and separation stages were as near as possi-
ble identical for both wavelengths.
 Patient insulation
For patient protection, the LED controller output
stage and photodiode input stage were electrically
isolated from the mains using Burr & Brown isola-
tion ampli¢ers. These units were powered by an
insulated power pack.
 Heating
Sensors incorporating a resistance coil were ¢tted with
a precision controller stabilizing temperature within
the range 38.0^41.0 ³C to an accuracy of 0.1 ³C.
 Vacuum pump
The sensor is ¢xed to the skin using a small pump
producing a maximal -300 mbar vacuum. The pump
Fig. 2. Schematic representation of measurement electronics.
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is maintained electronically via a manometer at a
preset negative pressure. In normal medical use, ad-
equate ¢xation is achieved with a vacuum of about
ÿ100 mbar.
Software
Apart from various test programs, a program for data
acquisition, display, calculation and storage and a pro-
gram for subsequent data postprocessing were written
in PASCAL.
 Signal acquisition, calculation and display
For data acquisition a 486 DOS computer was
equipped with a 12-bit analog/digital conversion
(ADC) card (Metrabyte). A counter on this card
triggers analog/digital conversion at 400 Hz, which
starts an interrupt program in the computer for read-
ing the 4 measured values DCir , DCred and ACir ,
ACred into a cyclic bu¡er of 5-second length. From
the signal (ACir+ACred) the maxima and minima are
determined for each cardiac cycle, and hence the
instantaneous heart rate. Oxygen saturations are cal-
culated from the amplitudes ac and dc of the AC and
DC signals.
Saturation is calculated from the Lambert-Beer
law using the absorption coe¤cients [11] for the
nominal wavelengths of our LEDs. However, as
the actual wavelengths may deviate from these nom-
inal values and the applicability of the Lambert-Beer
law is limited by scattering in tissue, experimental
Fig. 3. Screen display of a 10-minute measurement. From top to bottom: oxygen saturation, heart rate, heart rate from HP CTG monitor,
uterine contraction from HP CTG monitor. Underneath the DC and AC signals for infrared and red light for the last 5 seconds (note the
di¡erent ordinate scales for DC and AC).
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calibration of the measured saturation values is essen-
tial.
Saturation and heart rate can be averaged over 1^9
cardiac cycles and are displayed every second. Analog
heart rate and uterine contraction signals from any
CTG monitor with analog output (e.g. Hewlett
Packard model 8040) can be input to the ADC every
second and likewise displayed.
The measurement display (Figure 3) shows, along the
bottom, the 4 measured values DCir , DCred and ACir ,
ACred , over the last 5 seconds of measurement. This
serves to monitor signal quality during acquisition.
Poor-signal periods can be marked and excluded from
data processing. Along the top, measured arterial
oxygen saturation and heart rate values per second are
displayed cyclically over a 10-minute interval, with
the CTG heart rate and contraction input under-
neath. Any time point can be marked for subsequent
identi¢cation and all values and comment stored in a
¢le at any time.
 Data analysis
The values from a stored ¢le can be redisplayed in
measurement mode using an evaluation program.
Time intervals can be marked with the arrow keys or
mouse. Means and standard deviations ^ including
the CTG data ^ are then calculated and displayed.
MEASUREMENTS AND DISCUSSION
Clinical application of any new instrument or measure-
ment system presumes:
^ mechanical reliability, accuracy and calibration,
^ feasibility in the clinical situation, including accept-
ance by both medical personnel and patients,
^ the ability not only to determine physiological pa-
rameters not previously measured in both physiolog-
ical and pathological situations, but also to evaluate
the diagnostic signi¢cance of such parameters, in this
case oxygen saturation.
For the ¢rst two more technical points is to say, that
our instrument required calibration before clinical
use, together with ¢eld tests of the suction device and
long-term oximeter performance during birth.
For these points controls and clinical trials were
performed in our own unit and with colleagues in
Copenhagen (DK), Graz (A), Oulu (SF) and Berlin
(D).The major investigations comprised:
Calibration
To calibrate a pulse oximeter, an oxygen saturation
value must be assigned to the measured variables
R  rred=rir  ac=dcred=ac=dcir cf 7
on the basis of an experimental or theoretical relation-
ship. Initially we used the absorption coe¤cients of
Zijlstra et al [11]. The general problems of calibrating a
pulse oximeter have been discussed elsewhere [12, 13].
For ¢ne calibration we performed the following inves-
tigations:
 Tests in the arterial oxygen saturation range 88^
100% were conducted in 14 healthy adult volunteers
breathing normal air and then air with approxi-
mately 80% normal oxygen content for 10 minutes
in each case. The re£ection sensor was ¢xed to the
forehead or sternumwith an adhesive ring. Owing to
the invasive nature of arterial catheterization, refer-
ence values were provided by a MINOLTA PUL-
SOX 8 transmission pulse oximeter attached to the
index ¢nger. Data analysis [13] showed a 4.5% di¡er-
ence in oxygen saturation between the MINOLTA
and the preliminary results of our re£ectance system
based on the absorption coe¤cents of Zijlstra et al.
 At lower saturation levels, measurements were per-
formed in cyanotic children before surgery. The chil-
dren had arterial lines, permitting direct comparison
with arterial blood readings [14].
 Low saturations in vivo can also be measured in the
fetal lamb [15].We used this method to compare our
pulse oximeter readings directly with arterial values
in the oxygen saturation range 10^80% [16].
Preliminary evaluation of these data shows that our
previous calculations of oxygen saturation have to be
corrected in the 10-100% saturation range by a factor of
1.045.
Fixation
The ¢rst experiments in sensor ¢xation to the head and
other parts of the human body were performed in
adults [17] and neonates [18].
Attachment is simple in practice, even during birth.
After rupture of the membranes, the sensor can be ¢xed
to the fetal head once the cervix has dilated to at least 2
cm. Initial ¢xation takes 30^60 seconds and allows full
freedom of movement [19].
Approximately 100 mbar is the most suitable pressure
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at which to maintain the sensor as it ensures good
sensor-skin contact and reliable continuous fetal oxygen
saturation values. Measurements at two di¡erent sites of
the head of the fetus have shown no signi¢cant di¡er-
ences in the oxygen saturation values, indicating no
e¡ect of suction on the local blood supply. The same we
have observed in the case of caput succedaneum [20].
Long-term performance
Vacuum ¢xation did not impair oxygen measurement,
even over ¢xation periods of 4.3 hours [20]. Suction
marks had disappeared normally within 10 to 20 mi-
nutes after removal of the sensor for neonates [18] and
for fetuses.
Heating
AC signals at 41.0 ³C are twice as strong as in the
unheated state [21]. However, the silicone rubber sen-
sors required for vacuum ¢xation in fetal monitoring
cannot be ¢tted with a heating coil as silicone is a poor
conductor of heat.
CONCLUSIONS
A proprietary re£ectance pulse oximeter for obstetric
use has been ¢eld-tested both in Zurich and several
other centers in terms of calibration, stability of ¢xation,
duration of use, and sensor warming. It has also been
used to determine the e¡ect of normal birth on fetal
arterial oxygen saturation by monitoring throughout
the various stages and comparing the results with cord
blood and pH. The data demonstrate the reliability of
our re£ectance pulse oximeter for intrapartum arterial
oxygen saturation monitoring, which is the precondi-
tion for further clinical evaluation.
Part of this work was supported by the Swiss National Science
Foundation No 3200-040306 and by the `` YDE-Foundation.''
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